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1  | INTRODUC TION
The	accelerating	spread	of	 invasive	species	has	a	global	 impact	on	
biodiversity	 and	 ecosystem	 functioning,	which	 has	 a	 considerable	
economic	 cost	 to	 society	 (Pimentel,	 Zuniga,	 &	 Morrison,	 2005;	
Vitousek,	 1990).	 Moreover,	 endangered	 species	 may	 be	 further	










2008).	 Differing	 abiotic	 conditions	 may	 enhance	 or	 compromise	
these	 traits	 (Krassoi	 et	 al.,	 2008;	 Ruesink,	 2007).	 Environmental	
context,	thus,	plays	a	major	role	in	shaping	communities	and	species	



















In	 terrestrial	 systems,	 native	 competitors	 have	 been	 shown	
to	 curb	 the	 spread	 of	 ecologically	 closely	 related	 invasive	 species	
(Levine,	 Adler,	 &	 Yelenik,	 2004),	 but	 competitive	 interactions	 in	
aquatic	systems	appear	to	be	weaker	and	less	likely	to	limit	invasion	
success	 (Bando,	 2006;	 Papacostas	 et	 al.,	 2017).	 Abiotic	 stressors,	
such	as	desiccation	or	shear	stress,	can	enhance	the	negative	impact	
of	 invasions	when	occurring	at	unprecedented	 rates	or	magnitude	
(Macdougall	 &	 Turkington,	 2005).	 However,	 competitive	 interac-
tions	can	also	be	mitigated	by	abiotic	stress,	which	enables	resource	
partitioning	that	may	result	in	the	coexistence	of	species	with	sim-




(Bando,	 2006;	 Bulleri,	 Bruno,	 Silliman,	 &	 Stachowicz,	 2016).	 It	 is	
currently	unclear	how	abiotic	stress	affects	the	impacts	of	invasive	
species,	where	native	communities	 include	morphologically	similar	
species,	 or	 how	 such	 interactions	may	 differ	 between	benign	 and	
harsh	environmental	conditions.
Originating	 from	 Japan,	 the	 Pacific	 oyster,	 Magallana gigas 















low	 subtidal	 zones	where	 they	may	 fulfil	 similar	 functions	 in	 the	
ecosystem	and	could	compete	for	shared	resources;	thus,	there	is	
potential	for	direct	competition	(Tully	&	Clarke,	2012;	Zwerschke	
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Roberts,	N.	E.	O’Connor,	unpublished	data)	and	it	is	expected	that	










ety	 of	 abiotic	 stress,	 such	 as	 temperature,	 desiccation	 and	wave	
stress,	limiting	feeding	time	and	increasing	physiological	pressure	
on	the	organisms	compared	to	more	stable	conditions	 in	subtidal	
habitats	 (McAfee,	 O’Connor,	 &	 Bishop,	 2017).	 Following	 recent	
surveys	that	identified	their	overlapping	distributions	in	these	hab-
itats	(Zwerschke	et	al.,	2017),	we	tested	for	effects	of	the	presence	
















2  | MATERIAL S AND METHODS
An	experiment	was	conducted	at	Ballyhenry	Bay,	Strangford	Lough,	
Northern	 Ireland	 (54°23′21.5″N	 5°33′51.7″W),	 on	 a	 rocky	 inter-
tidal	 shore	 (high	 abiotic	 stress)	 and	 the	 adjacent	 subtidal	 habitat	
at	 12	m	 depth	 (low	 abiotic	 stress).	 During	 the	 experiment,	 tem-
perature	 experienced	 by	 the	 oysters	 ranged	 from	−1°C	 to	 34.5°C	
(mean ± SD	=	11.5	±	3.6°C;	HOBO®	Pendant®	 temperature	 loggers	
[Onset	Computer	Corporation,	Bourne,	USA])	 in	 intertidal	habitats	
and	from	6.5	to	15.1°C	(11.0	±	2.5°C)	in	the	subtidal	habitat.
The	 experiment	 tested	 for	 effects	 of	 competition	 between	
M. gigas and O. edulis	 and	whether	 this	 varied	 under	 different	 en-
vironmental	contexts.	It	is	well	known	that	the	importance	of	com-
petition	 structuring	 communities	 varies	 with	 different	 levels	 of	
abiotic	and	biotic	stress	(e.g.	Menge	&	Sutherland,	1987;	Bertness	&	
Callaway,	1994),	yet	this	is	rarely	tested	in	invasive	species	studies	







F I G U R E  1  Experimental	design	comprised	of	four	factors	(habitat	with	two	levels,	substratum	orientation	with	two	levels,	cage	with	two	
levels	and	experimental	treatments	with	three	levels).	Each	plate	contained	10	oysters,	thus,	there	were	120	experimental	units	and	1,200	
manipulated	oysters	(see	Supporting	Information	Figure	S1	for	illustration	of	experimental	set-up)
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To	 manipulate	 oyster	 presence	 in	 the	 field,	 individuals	 were	
attached	 to	perspex	plates	 (15	×	15	cm)	with	Milliput©	 (Dolgellau,	
UK)	and	Gorilla	Super	Glue©	(Euxton,	UK)	and	each	plate	held	10	
oysters.	Where	both	species	were	present,	oysters	were	attached	in	
an	alternating	pattern	(five	of	each	species).	Juvenile	M. gigas (mean 






Following	 the	 results	of	previous	studies	 (Kochmann	&	Crowe,	
2014),	 we	 restricted	 predator	 access	 to	 the	 manipulated	 oys-
ters	 during	 the	 experiment	 by	 erecting	 plastic	 mesh	 cages	 (20	 x	











each	were	 attached	 to	 randomly	 chosen	boulders,	 either	horizon-
tally	 or	 vertically	 orientated	 as	 required	 for	 each	 treatment,	 and	
at	 least	1	m	apart	 (Supporting	 Information	Figure	S1).	For	subtidal	
treatments,	five	customized	galvanized	steel	frames	were	designed	
to	 each	 hold	 12	 experimental	 plates	 (placed	 15–30	cm	 apart)	 on	
the	seabed	(see	Supporting	Information	Figure	S1	for	more	detail).	
Each	frame	contained	a	complete	set	of	treatments	(12	plates,	120	













using	 a	 frame	 attached	 to	 the	 camera	 to	 ensure	 that	 each	 image	
was	 taken	 at	 a	 similar	 angle	 and	distance	 (see	 Illustration	of	 plain	
language	abstract	for	subtidal	and	intertidal	example,	respectively).	
To	 test	 for	 evidence	 of	 competition	 between	 the	 oysters	without	
disturbing	 the	 experimental	 set-up,	 the	 circumference	 of	 each	
oyster	was	 estimated	with	 ImageJ	 (following	 Loh	&	 Pawlik,	 2012,	
Schindelin,	 Rueden,	 Hiner,	 &	 Eliceiri,	 2015).	 Oyster	 growth	 rate	
was	estimated	by	comparing	estimates	at	the	start	and	end	of	the	
experiment.	 Biomass	 of	O. edulis and M. gigas,	 cleared	 of	 all	 epibi-
onts,	was	quantified	at	the	end	of	the	experiment.








&	Rasmussen,	 2001).	 Recent	 growth	 samples	 of	macroalgae	 (Fucus 
serratus, Fucus vesicolosus, Ascophyllum nodosum and Ulva spp.)	were	







Samples	were	 standardized	 to	 approx	 1	mg	 for	 oyster	 tissue,	 and	
approximately	3	mg	for	macroalgae	and	plankton,	 into	tin	capsules	
(6	×	4	mm,	Sercon	Ltd)	 on	 a	Mettler	Toledo	XS3DU	Microbalance.	














cies	identity”	(O. edulis or M. gigas)	was	added	to	specifically	test	for	
interspecific	competitive	effects	on	oyster	mortality	on	plates	with	





vidual	plates	as	a	random	factor	 in	treatments	 (Zuur,	 Ieno,	Walker,	
Saveliev,	&	Smith,	2009).	The	best	model	fit	for	the	GEE	models	was	
chosen	 by	 randomly	 dropping	 interactions	 between	 factors	 from	
the	model	and	comparing	it	to	the	original	model	using	p-values	of	
ANOVA	(analysis	of	variance;	Zuur	et	al.,	2009).	During	the	process	
of	 fitting	 the	model,	 the	 factor	 “habitat	 type”	was	 removed	 from	
the	GEE	term	because	its	exclusion	did	not	change	the	variance	ex-
plained	for	this	model.
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Growth	 rate	 and	 biomass	 were	 analysed	 separately	 for	 each	
oyster	species	to	remove	large	heteroscedasticity	between	datasets	
using	a	random	intercept	linear	mixed-effects	model	(LME;	Zuur	et	


















obtained	 by	 9,999	 random	 permutations	 under	 a	 reduced	 linear	















of	putative	 resources	 to	 the	diets	of	O. edulis and M. gigas	were	esti-
mated,	using	SIAR	Bayesian	mixing	models	(Parnell,	Inger,	Bearhop,	&	
Jackson,	 2010).	 Fractionation	 values	 for	M. gigas	 were	 used	 accord-
ing	to	Dubois,	Jean-Louis,	Bertrand,	and	Lefebvre	(2007)	 (mean	±	SD,	
δ13C	=	1.9	±	0.2;	δ15N	=	3.8	±	0.2),	 for	 all	 resources,	with	 zooplankton	
entered	in	the	model	a	second	time	but	using	fractionation	values	of	
zero	 to	 represent	 a	 temporally	 integrated	measure	of	 phytoplankton	
stable	isotopes.	Elemental	concentration	was	variable	among	resources	
and	was	included	in	all	SIAR	models	(Philips	&	Koch,	2002).	Differences	







tity	 (M. gigas or O. edulis),	 experimental	 treatments	of	oyster	 compo-
sition	and	orientation	on	oyster	mortality	 rate	 (residuals:	594,	df	=	3,	




Magallana gigas Ostrea edulis
Horizontal Vertical Horizontal Vertical
(A)	Caged
Monoculture 49/100 69/100 73/100 26/100
Mixed	culture 32/50 20/50 29/50 23/50
(B)	Cage	control
Monoculture 100/100 100/100 100/100 97/100
Mixed	culture 50/50 50/50 49/50 50/50
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3.2 | Growth rate
Subtidally,	 there	 was	 an	 interaction	 between	 experimental	 treat-
ments	 (composition	 and	 orientation),	 indicating	 that	 here	 the	 ef-
fect	 of	M. gigas	 on	 the	 growth	 rate	 of	O. edulis	 differed	 between	









O. edulis M. gigas
Subtidal Intertidal Subtidal Intertidal
F P F P F P F P
(A)	Growth	rate
Intercept 238.20 <0.001 67.21 <0.001 103.14 <0.001 173.91 <0.001
Composition	(C) 0.69 0.423 0.06 0.814 0.22 0.650 0.02 0.901
Orientation	(O) 0.07 0.796 1.76 0.212 0.01 0.928 0.35 0.563
C*O 5.31 0.038 0.14 0.720 0.66 0.436 1.50 0.241
(B)	Biomass
Intercept 160.18 <0.001 65.55 <0.001 69.33 <0.001 169.74 <0.001
Composition	(C) 0.97 0.346 0.08 0.789 0.01 0.932 0.16 0.696
Orientation	(O) 2.01 0.184 0.97 0.347 0.06 0.814 0.56 0.468
C*O 1.27 0.283 0.06 0.819 0.07 0.806 10.45 0.006
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of M. gigas,	 where	 oysters	 were	 on	 vertical	 substrata	 (Figure	 3a).	




There	 were	 no	 statistically	 significant	 effects	 of	 the	 presence	 of	
M. gigas	 on	 the	biomass	 of	O. edulis	 (Table	2B,	 Figure	4a,b).	 There	
was,	 however,	 an	 interaction	 between	 experimental	 treatments	
(composition	and	orientation),	 in	 intertidal	habitat,	on	M. gigas bio-
mass	(Table	2B	Figure	4d).	Post hoc tests	show	clearly	that	on	hori-
zontal	substrata	the	biomass	of	M. gigas	was	lower	in	the	presence	
of O. edulis	 whereas	 where	 oysters	 were	 vertical	 the	 biomass	 of	
M. gigas	was	greater	in	the	presence	of	O. edulis	(Figure	4d).
3.4 | Isotopic niche position and width of 
O. edulis and M. gigas in monocultures
Mean	 isotopic	 niche	 position	 (δ15N-δ13C	 centroids)	 and	 isotopic	
niche	 widths	 (SEAc)	 were	 significantly	 different	 between	 M. gigas 
and O. edulis	 when	 in	 monocultures,	 in	 both	 intertidal	 (Euclidian	
distance	=	1.23;	 p < 0.0001)	 and	 subtidal	 habitats	 (Euclidian	 dis-
tance	=	1.40;	p < 0.0001;	Figure	5,	Supporting	Information	Figure	S3).




monoculture	 but	 only	 when	 attached	 to	 horizontal	 substratum	
(Table	3,	Figure	5a).	M. gigas	were	relatively	13C-enriched	where	
it	 co-occurred	 with	O. edulis	 compared	 to	 the	monoculture	 but	
only	in	the	vertical	treatments	(Table	3,	Figure	5a–c).	Subtidally,	
O. edulis did	not	shift	its	niche	position	significantly	when	in	the	
presence	of	M. gigas.	However,	M. gigas co-occurring	with	O. edu‐
lis	 was	 relatively	 depleted	 in	 15N	 but	 only	 when	 on	 horizontal	
substratum	 and	 depleted	 in	 13C	where	 it	 was	 vertical	 (Table	 3,	
Figure	5c,d).	 It	 is	possible	 that	 this	 shift	 in	 the	horizontal	 treat-
ment	 is	 because	 of	 a	 relatively	 smaller	 sampling	 size	 that	 re-
sulted	from	greater	mortality	rates	in	this	treatment	(Supporting	
Information	Table	S2).
3.6 | Shifts in isotopic niche width for co‐
occurring oysters
All	three	measures	of	niche	width	(SEAB,	MNN	nor	MDC)	increased	
significantly	 for	M. gigas	 in	 subtidal	 horizontal	mixed	 assemblages	
where	 the	 isotopic	 niches	 of	 M. gigas and O. edulis	 overlapped	
F I G U R E  4  Mean	biomass	(±	S.	E.)	
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Oyster species Habitat Orientation
Niche position Niche width
CD P‐ value MDC P‐value MNN P‐value SEA.B ± Probability
O. edulis Intertidal h 0.351 0.019 0.13 0.158 0.097 0.296 + 57.1
O. edulis Intertidal v 0.083 0.875 0.14 0.469 0.031 0.759 − 82
O. edulis Subtidal h 0.103 0.912 0.188 0.785 0.175 0.226 + 93.4
O. edulis Subtidal v 0.485 0.159 0.605 0.067 0.195 0.325 + 99.9
M. gigas Intertidal h 0.069 0.648 0.029 0.58 0.003 0.959 + 92.3
M. gigas Intertidal v 0.276 0.003 0.083 0.094 0.013 0.691 − 70.5
M. gigas Subtidal h 0.542 0.011 0.338 0.006 0.5 0.006 + > 99.9
M. gigas Subtidal v 0.263 0.021 0.071 0.321 0.062 0.079 − 68.7
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our	 alpha	 level	 (probability	>	95%;	max	difference	between	modal	
proportions	=	0.04),	yet	two	cases	had	a	probability	of	>80%.	Since	
even	small	dietary	changes	can	have	large	effects	on	long-term	per-
formance,	we	surmised	that,	compared	to	monocultures,	M. gigas in 
the	presence	of	O. edulis	appeared	to	assimilate	a	more	13C-enriched	





We	 show	 how	 abiotic	 stress	 levels	 (intertidal	 vs.	 subtidal	 habi-
tats)	can	indicate	interaction	strengths	between	two	competitors	
while	substratum	topography	 (vertical	vs.	horizontal	substratum)	
can	 determine	 whether	 interactions	 are	 competitive	 or	 facilita-
tive.	 Interestingly,	 in	 this	 system	 overall	 oyster	 mortality	 rates	
were	 least	affected	by	 the	presence	of	competitors	and	survival	
was	largely	driven	by	predation	and	differences	between	substra-
tum	 topography,	 to	which	 the	 native	 oyster	was	more	 suscepti-
ble	 to	 in	monocultures.	 Lower	 abiotic	 stress	 in	 subtidal	 habitats	
strengthened	 the	effect	of	M. gigas on O. edulis,	which	 switched	
from	competitive,	on	horizontal	substratum,	to	facilitative,	on	ver-
tical	 substratum.	 Trophic	 competition	 (e.g.	 exploitative	 competi-
tion)	 between	 the	 two	 species	 and	 a	 re-organization	 of	 trophic	
dynamics	 are	 most	 likely	 the	 mechanisms	 behind	 this	 effect	 of	
M. gigas on O. edulis.	This	was	revealed	by	their	changes	in	isotopic	
niche	width	and	overlap	(Britton	et	al.,	2018;	Bulleri	et	al.,	2016;	
Jackson	&	Britton,	2014).	High	abiotic	stress	environments	in	the	





More pelagic <<<< >>>> More benthic
Zooplankton Phytoplankton Brown Algae Green Algae
Ostrea edulis	intertidal	horizontal
Monoculture	mode 0.02 0.83 0.03 0.04
95%	CI 0–0.25 0.63–0.93 0–0.07 0–0.21
Mixed	assemblages	mode 0.01 0.83 0.05 0.03
95%	CI 0–0.2 0.63–0.93 0–0.09 0–0.23
Increase	(+)/decrease	(−) − + + −
Probability	of	difference 0.58 0.51 0.65 0.47
Magallana gigas	intertidal	vertical
Monoculture	mode 0.01 0.89 0.05 0.02
95%	CI 0–0.05 0.80–0.94 0.02−0.07 0–0.14
Mixed	assemblages	mode 0.01 0.87 0.07 0.02
95%	CI 0–0.04 0.79–0.92 0.04–0.1 0–0.13
Increase	(+)/decrease	(−) − − +* +*
Probability	of	difference 0.56 0.68 0.91 0.53
M. gigas	subtidal	horizontal
Monoculture	mode 0.06 0.85 0.04 0.04
95%	CI 0.01–0.11 0.79–0.91 0.01–0.06 0–0.11
Mixed	assemblages	mode 0.02 0.81 0.03 0.04
95%	CI 0–0.26 0.51–0.94 0–0.9 0–0.32
Increase	(+)/decrease	(−) − − − +*
Probability	of	difference 0.46 0.81 0.45 0.73
M. gigas	subtidal	vertical
Monoculture	mode 0.02 0.86 0.05 0.05
95%	CI 0–0.09 0.76–0.93 0.01–0.07 0–0.16
Mixed	assemblages	mode 0.04 0.87 0.02 0.03
95%	CI 0–0.1 0.79–0.95 0–0.04 0–0.14
Increase	(+)/decrease	(−) +* +* − −
Probability	of	difference 0.57 0.66 0.87 0.56
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intertidal	 zone	altered	 the	 strength	of	 species	 interactions	 com-
pared	 to	 those	 identified	 in	 the	more	 benign	 subtidal.	 Contrary	
to	our	expectations	based	on	current	abundance	and	distribution	
patterns	of	both	species	(Zwerschke	et	al.,	2017),	O. edulis	seemed	
to	be	the	superior	competitor	in	intertidal	habitats	and	M. gigas in 
the	subtidal	zone.	Intertidal	presence	of	O. edulis	seemed	to	affect	
biomass	 accumulation	of	M. gigas.	 The	direction	of	 the	 effect	 of	
O. edulis on M. gigas,	however,	was	still	dictated	by	habitat	struc-
ture,	 with	 an	 adverse	 effect	 on	 M. gigas	 biomass	 on	 horizontal	
substratum	and	a	facilitative	effect	on	vertical	substratum.	Here,	
shifts	in	isotopic	niches	do	not	reveal	a	clear	pattern,	which	would	
imply	 that	 O. edulis	 utilizes	 different	 mechanisms	 than	 M. gigas 
when	domineering	in	competition.
Abiotic	 stress	 may	 have	 affected	 the	 strength	 of	 the	 com-
petitive	 interactions.	Negative	competitive	effects	are	generally	
associated	with	a	decrease	in	trophic	level	(Jackson	et	al.,	2012;	
Vander	 Zanden,	 Casselman,	 &	 Rasmussen,	 1999).	 At	 high	 abi-
otic	stress	 in	 intertidal	horizontal	habitats,	however,	the	trophic	
niche	of	O. edulis became more δ15N	enriched	in	the	presence	of	
M. gigas,	 which	may	 indicate	 an	 increase	 in	 trophic	 level,	 while	
M. gigas’	 trophic	 niche	 remained	 stable.	 Contrary	 to	 the	 theory	
that	 niche	 partitioning	 facilitates	 coexistence	 of	 competitors	 at	
higher	abiotic	 stress	 levels	 (Bulleri	et	al.,	2016;	Carbonell	et	al.,	
2017),	changes	in	trophic	niches	in	this	context	were	not	indicative	
of	 trophic	 re-organization	 nor	 of	 individual	 niche	 specialization	





of	 the	 competitive	 superiority	 of	M. gigas (Jackson	 et	 al.,	 2012;	
Vander	 Zanden	 et	 al.,	 1999).	 Interestingly,	 it	 is	 under	 the	 same	
environmental	 context	 that	 the	 biomass	 of	M. gigas	 declines	 in	
the	presence	of	O. edulis.	Theory	predicts	that	interference	com-





cific	 facilitation	 increases	 in	 importance	 at	 high	 abiotic	 stress	
(Okamura,	 1988;	 Svanfeldt,	 Monro,	 &	 Marshall,	 2017).	 Greater	
densities	of	 filter	 feeding	bryozoans	 in	high-flow	environments,	
for	example,	are	more	efficient	in	locally	slowing	down	water	flow	
and	 increasing	 feeding	 efficiency	 than	 those	 at	 lower	 densities	











that	 negative	 effects	 of	 the	 competitively	 superior	 species	
(O. edulis	 in	 intertidal	 and	M. gigas	 in	 subtidal	 habitats),	 mani-
fested	 themselves	 at	 horizontal	 orientations,	 yet	 effects	 re-
versed	to	facilitative	in	vertical	orientations.	More	importantly,	
this	pattern	seems	unrelated	to	the	competitive	mechanism	(i.e.	
interference	 and	 exploitation),	 which	 suggests	 surface	 topog-
raphy	is	the	primary	driver	underpinning	the	outcome	of	 inter-
specific	 competition.	 Differences	 in	 surface	 topography	 can	
enhance	 or	 reduce	 environmental	 stress,	 thereby	 generating	
different	ecological	niches	(MacArthur,	1970;	Petren,	2001).	In	
the	 context	 of	 this	 study,	 horizontal	 substratum	 is	more	 read-
ily	 available	 for	 settlement	 of	 organisms,	 but	 bears	 a	 greater	
risk	 of	 sedimentation,	 predation	 and	 wave	 stress	 (Grabowski,	




et	 al.,	 2004).	 Differing	 species	 responses	 to	 these	 two	 orien-
tations	 in	 monocultures	 and	 mixtures	 suggests	 a	 dependence	
of	species	 interaction	 type	 (e.g.	 inter-	or	 intraspecific)	on	sub-
stratum	topography.	It	seems	that	orientation	of	substratum	can	
modulate	 species	 exclusion	 by	 competition	 (intra-specifically	
on	 vertical	 and	 inter-specifically	 on	 horizontal	 substratum)	 or	
coexistence	by	 facilitation	 (intra-specifically	on	horizontal	 and	
inter-specifically	on	vertical	substratum).	Facilitation	on	vertical	
substratum	may	occur	through	trophic	niche	partitioning.	Here,	




has	 already	 been	 shown	 in	 other	 systems,	 such	 as	 grasslands	
and	for	avian	communities	(Carrete,	Sanchez-Zapata,	Tella,	Gil-
Sanchez,	 &	 Moleon,	 2006;	 Pearson,	 Ortega,	 &	 Maron,	 2017).	
Here,	we	suggest	 that	 competition	 success	 in	benthic	 systems	
could	 also	 be	 determined	 by	 differences	 in	 ecological	 niches,	
represented	as	substratum	topography,	which	underpin	biolog-
ical	interactions.


















We	 would	 like	 to	 thank	 Liz	 Ashton,	 Julia	 Sigwart	 and	 Brendan	
McNamara	 for	 technical	 support	 and	 the	 QUB	 scientific	 dive	










ing	of	M. gigas	 (No.:	0432),	 and	O. edulis	 (No.:	0430)	was	obtained	
from	 the	 Department	 of	 Agriculture	 and	 Rural	 Developments.	






tion.	M.E.,	C.R.,	N.O.C.,	N.Z.	 and	C.H.	 contributed	 to	analysis	 and	
interpretation	 of	 data.	 N.Z.	 and	N.O.C.	 involved	 in	 writing	 of	 the	
manuscript.
DATA ACCE SSIBILIT Y
All	data	have	been	published	in	this	manuscript	and	are	made	avail-
able	 in	 the	 Dryad	 Digital	 Repository:	 https://doi.org/10.5061/
dryad.581qd15	(Zwerschke,	van	Rein,	et	al.,	2018).
ORCID
Nadescha Zwerschke  http://orcid.org/0000-0003-4099-8269 
Chris Harrod  http://orcid.org/0000-0002-5353-1556 
Carl Reddin  http://orcid.org/0000-0001-5930-1164 
R E FE R E N C E S
Allen,	 S.	 K.,	 &	 Downing,	 S.	 L.	 (1990).	 Performance	 of	 Triploid	 Pacific	
Oysters,	 Crassostrea gigas:	 Gametogenesis.	 Canadian Journal of 
Fisheries and Aquatic Science,	47,	1213–1222.
Amarasekare,	 P.	 (2002).	 Interference	 competition	 and	 species	 coex-
istence.	 Proceedings of the Royal Society B: Biological Sciences,	 269,	
2541–2550.	https://doi.org/10.1098/rspb.2002.2181
Balvanera,	 P.,	 Pfisterer,	 A.	 B.,	 Buchmann,	 N.,	 He,	 J.-S.-S.,	
Nakashizuka,	 T.,	 Raffaelli,	 D.	 G.,	 &	 Schmid,	 B.	 (2006).	
Quantifying	 the	 evidence	 for	 biodiversity	 effects	 on	 ecosystem	
functioning	 and	 services.	 Ecology Letters,	 9,	 1146–1156.	 https://
doi.org/10.1111/j.1461-0248.2006.00963.x
Bando,	K.	J.	(2006).	The	roles	of	competition	and	disturbance	in	a	marine	
invasion.	 Biological Invasions,	 8,	 755–763.	 https://doi.org/10.1007/
s10530-005-3543-4
Bertness,	M.	D.,	&	Callaway,	R.	M.	(1994).	Positive	interactions	in	com-




assemblages	 of	 Port	 Stephens,	 NSW,	 Australia,	 since	 commence-
ment	 of	 non-native	 Pacific	 oyster	 (Crassostrea gigas)	 aquaculture.	
Marine & Freshwater Research,	61,	714.
Britton,	J.	R.,	Ruiz-Navarro,	A.,	Verreycken,	H.,	&	Amat-Trigo,	F.	(2018).	
Trophic	 consequences	 of	 introduced	 species:	 Comparative	 im-
pacts	 of	 increased	 interspecific	 versus	 intraspecific	 competi-
tive	 interactions.	 Functional Ecology,	 32,	 486–495.	 https://doi.
org/10.1111/1365-2435.12978
Bruno,	J.	F.,	Stachowicz,	J.	J.,	&	Bertness,	M.	D.	(2003).	Inclusion	of	facil-





Carbonell,	 J.	 A.,	 Velasco,	 J.,	 Millán,	 A.,	 Green,	 A.	 J.,	 Coccia,	 C.,	
Guareschi,	 S.,	 &	 Gutiérrez-Cánovas,	 C.	 (2017).	 Biological	 inva-
sion	modifies	 the	 co-occurrence	patterns	of	 insects	 along	 a	 stress	
gradient.	 Functional Ecology, 31(10),	 1957–1968.	 https://doi.
org/10.1111/1365-2435.12884
Carrete,	 M.,	 Sanchez-Zapata,	 J.	 A.,	 Tella,	 J.	 L.,	 Gil-Sanchez,	 J.	 M.,	 &	
Moleon,	 M.	 (2006).	 Components	 of	 breeding	 performance	 in	
two	 competing	 species:	 Habitat	 heterogeneity,	 individual	 qual-
ity	 and	 density-dependence.	 Oikos,	 112,	 680–690.	 https://doi.
org/10.1111/j.0030-1299.2006.14528.x




variation	in	coexisting	species.	Journal of Animal Ecology,	87(5),	1452–
1464.	https://doi.org/10.1111/1365-2656.12879
Dick,	J.	T.	A.,	Laverty,	C.,	Lennon,	J.	 J.,	Barrios-O’Neill,	D.,	Mensink,	P.	
J.,	 Robert	 Britton,	 J.,	 …	 Caffrey,	 J.	M.	 (2017).	 Invader	 relative	 im-
pact	 potential:	 A	 new	 metric	 to	 understand	 and	 predict	 the	 eco-
logical	 impacts	 of	 existing,	 emerging	 and	 future	 invasive	 alien	
species.	 Journal of Applied Ecology,	 54,	 1259–1267.	 https://doi.
org/10.1111/1365-2664.12849
Didham,	R.	K.,	Tylianakis,	J.	M.,	Hutchison,	M.	A.,	Ewers,	R.	M.,	&	Gemmel,	
N.	 J.	 (2005).	Are	 invasive	 species	 the	drivers	of	ecological	 change.	




Wadden	Sea.	Journal of Experimental Marine Biology and Ecology,	328,	
211–227.	https://doi.org/10.1016/j.jembe.2005.07.012
Dubois,	 S.	 F.,	 Jean-Louis,	 B.,	 Bertrand,	 B.,	 &	 Lefebvre,	 S.	 (2007).	
Isotope	 trophic-step	 fractionation	 of	 suspension-feeding	 species:	
Implications	 for	 food	partitioning	 in	 coastal	 ecosystems.	 Journal of 
Experimental Marine Biology and Ecology,	351,	 121–128.	 https://doi.
org/10.1016/j.jembe.2007.06.020
Dupuy,	C.,	Hassen,	M.	B.,	&	LeGall,	S.	 (1999).	Protists	as	a	 trophic	 link	
between	picocyanobacteria	and	the	filter-feeding	bivalve	Crassostrea 
gigas. Bullitin L’institut Océanographique Monaco 19,	533–540.
Eagling,	 L.	 E.,	 Ashton,	 E.	 C.,	 Jensen,	 A.	 C.,	 Sigwart,	 J.	 D.,	Murray,	 D.,	
&	 Roberts,	 D.	 (2017).	 Spatial	 and	 temporal	 differences	 in	 gonad	
development,	 sex	 ratios	 and	 reproductive	 output,	 influence	 the	
2728  |    Functional Ecology ZWERSCHKE Et al.
sustainability	 of	 exploited	 populations	 of	 the	 European	 oyster,	
Ostrea edulis. Aquatic Conservation: Marine and Freshwater Ecosystems 
28,	1–12.
Elton,	C.	 S.	 (1958).	The ecology of invasions by animals and plants, Press 
Edit.	Chicago:	The	University	of	Chicago	Press.
Escoriza,	 D.,	 &	 Ruhí,	 A.	 (2016).	 Functional	 distance	 to	 recipient	 com-
munities	may	favour	invasiveness:	insights	from	two	invasive	frogs.	
Diversity and Distributions,	22,	1–15.
Ferguson,	 N.,	 White,	 C.	 R.,	 &	 Marshall,	 D.	 J.	 (2013).	 Competition	 in	
benthic	 marine	 invertebrates:	 The	 unrecognized	 role	 of	 exploit-










of	 elevated	 temperature	 and	 atmospheric	 CO2	 on	 the	 health	 and	
functioning	of	oysters.	Marine Ecology Progress Series,	582,	93–103.	
https://doi.org/10.3354/meps12344
Gurevitch,	J.,	&	Padilla,	D.	K.	(2004).	Are	invasive	species	a	major	cause	
of	extinctions?	Trends in Ecology & Evolution,	19,	470–474.	https://doi.
org/10.1016/j.tree.2004.07.005
Jackson,	M.	C.,	&	Britton,	J.	R.	(2014).	Divergence	in	the	trophic	niche	of	








Isotope	Bayesian	Ellipses	in	R.	Journal of Animal Ecology,	80,	595–602.	
https://doi.org/10.1111/j.1365-2656.2011.01806.x
Katsanevakis,	 S.,	Wallentinus,	 I.,	 Zenetos,	A.,	 Leppäkoski,	 E.,	Çinar,	M.	
E.,	Oztürk,	B.,	…	Cardoso,	A.	C.	(2014).	Impacts	of	invasive	alien	ma-
rine	species	on	ecosystem	services	and	biodiversity:	A	pan-European	




oysters	(Crassostrea gigas).	Journal of Experimental Marine Biology and 
Ecology,	451,	122–129.	https://doi.org/10.1016/j.jembe.2013.11.007
Kochmann,	 J.,	 O’Beirn,	 F.	 X.,	 Yearsley,	 J.,	 &	 Crowe,	 T.	 P.	 (2013).	
Environmental	 factors	 associated	 with	 invasion:	 Modelling	 occur-
rence	data	from	a	coordinated	sampling	programme	for	Pacific	oys-
ters.	 Biological Invasions,	 15,	 2265–2279.	 https://doi.org/10.1007/
s10530-013-0452-9
Krassoi,	 F.	 R.,	 Brown,	 K.	 R.,	 Bishop,	 M.	 J.,	 Kelaher,	 B.	 P.,	 &	
Summerhayes,	 S.	 A.	 (2008).	 Condition-specific	 competition	 al-
lows	 coexistence	 of	 competitively	 superior	 exotic	 oysters	 with	
native	 oysters.	 Journal of Animal Ecology,	 77,	 5–15.	 https://doi.
org/10.1111/j.1365-2656.2007.01316.x
Layman,	C.	A.,	Arrington,	D.	A.,	Montaña,	C.	G.,	&	Post,	D.	M.	 (2007).	
Can	 stable	 isotope	 ratios	 provide	 for	 community-wide	 mea-
sures	 of	 trophic	 structure?	 Ecology,	 88,	 42–48.	 https://doi.
org/10.1890/0012-9658(2007)88[42:CSIRPF]2.0.CO;2
Lenihan,	 H.	 S.,	 Micheli,	 F.,	 Shelton,	 S.	 W.,	 &	 Peterson,	 C.	 H.	 (1999).	
The	 influence	 of	 multiple	 environmental	 stressors	 on	 suscepti-










the	genus	Montastraea.	Marine Ecology Progress Series,	465,	111–117.	
https://doi.org/10.3354/meps09904








biodiversity	 at	 high	 temperatures.	 Journal of Animal Ecology,	 86,	
1352–1362.	https://doi.org/10.1111/1365-2656.12757
Menge,	B.	A.,	&	Sutherland,	 J.	 P.	 (1987).	Community	 regulation:	 varia-
tion	 in	disturbance,	 competition,	and	predation	 in	 relation	 to	envi-
ronmental	stress	and	recruitment.	American Naturalist,	130,	730–757.
Miller,	 L.	 P.,	&	Gaylord,	 B.	 (2007).	 Barriers	 to	 flow:	 The	 effects	 of	 ex-
perimental	cage	structures	on	water	velocities	 in	high-energy	sub-
tidal	 and	 intertidal	 environments.	 Journal of Experimental Marine 
Biology and Ecology,	 344,	 215–228.	 https://doi.org/10.1016/j.
jembe.2007.01.005
Molnar,	 J.	 L.,	 Gamboa,	 R.	 L.,	 Revenga,	 C.,	 &	 Spalding,	 M.	 D.	 (2008).	
Assessing	 the	global	 threat	of	 invasive	 species	 to	marine	biodiver-
sity.	Frontiers in Ecology and the Environment,	6,	485–492.	https://doi.
org/10.1890/070064
Nielsen,	M.,	Hansen,	B.	W.,	&	Vismann,	B.	(2017).	Feeding	traits	of	the	
European	 flat	 oyster,	Ostrea edulis,	 and	 the	 invasive	Pacific	 oyster,	
Crassostrea gigas. Marine Biology,	164,	1–10.	https://doi.org/10.1007/
s00227-016-3041-5
Okamura,	B.	(1988).	The	influence	of	neighbors	on	the	feeding	of	an	epi-
faunal	bryozoan.	Journal of Experimental Marine Biology and Ecology,	
120,	105–123.	https://doi.org/10.1016/0022-0981(88)90083-4
Padilla,	D.	K.	 (2010).	Context-dependent	 impacts	of	 a	non-native	eco-
system	 engineer,	 the	 Pacific	 oyster	 Crassostrea gigas. Integrative 
and Comparative Biology,	50,	213–225.	https://doi.org/10.1093/icb/
icq080
Papacostas,	 K.	 J.,	 Rielly-Carroll,	 E.	 W.,	 Georgian,	 S.	 E.,	 Long,	 D.	 J.,	
Princiotta,	S.	D.,	Quattrini,	A.	M.,	…	Freestone,	A.	L.	(2017).	Biological	






hare:	Reducing	 resource	 availability	 shifts	 competitive	balance	be-
tween	plant	species.	Journal of Ecology,	105,	999–1009.	https://doi.
org/10.1111/1365-2745.12736





Pianka,	E.	R.	 (1981).	Competition	and	niche	 theory.	 In	R.	May,	&	A.	R.	
McLean	 (Eds.),	 Theoretical ecology; principles and applications	 (pp.	
167–196).	Oxford:	OUP	Oxford.
Pimentel,	D.,	Zuniga,	R.,	&	Morrison,	D.	(2005).	Update	on	the	environ-
mental	 and	 economic	 costs	 associated	 with	 alien-invasive	 species	
in	the	United	States.	Ecological Economics,	52,	273–288.	https://doi.
org/10.1016/j.ecolecon.2004.10.002
     |  2729Functional EcologyZWERSCHKE Et al.
Post,	D.	M.	 (2002).	Using	 stable	 isotopes	 to	estimate	 trophic	position:	
Models,	methods,	 and	 assumptions.	Ecology,	83,	 703–718.	 https://
doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
Quinn,	G.,	&	Keough,	M.	J.	(2002).	Experimental Design and Data Analysis 
for Biologists.	Cambridge,	UK:	Cambridge	University	Press.
R	Core	Team.	(2017).	R: A language and environment for statistical comput‐
ing.	Vienna,	Austria:	R	Foundation	for	Statistical	Computing.
Riesen,	W.,	&	Reise,	K.	 (1982).	Macrobenthos	of	 the	 subtidal	Wadden	
Sea:	Revisited	after	55	years.	Helgoländer Meeresuntersuchungen,	35,	
409–423.	https://doi.org/10.1007/BF01999132
Ruesink,	 J.	 L.	 (2007).	 Biotic	 resistance	 and	 facilitation	 of	 a	 non-native	




Molecular Reproduction and Development,	82,	518–529.
Soniat,	T.	M.,	Finelli,	C.	M.,	&	Ruiz,	 J.	T.	 (2004).	Vertical	 structure	and	
predator	 refuge	mediate	 oyster	 reef	 development	 and	 community	
dynamics.	 Journal of Experimental Marine Biology and Ecology,	 310,	
163–182.	https://doi.org/10.1016/j.jembe.2004.04.007
Svanfeldt,	 K.,	Monro,	 K.,	 &	Marshall,	 D.	 J.	 (2017).	 Field	manipulations	
of	 resources	mediate	 the	 transition	 from	 intraspecific	 competition	




of	 Forth,	 Scotland.	 Journal for Nature Conservation,	 21,	 253–261.	
https://doi.org/10.1016/j.jnc.2013.01.004
Troost,	K.	(2010).	Causes	and	effects	of	a	highly	successful	marine	inva-
sion:	Case-study	 of	 the	 introduced	Pacific	 oyster	Crassostrea gigas 
in	continental	NW	European	estuaries.	Journal of Sea Research,	64,	
145–165.	https://doi.org/10.1016/j.seares.2010.02.004






competitors	 on	 a	 single	 limiting	 resource.	 Ecology,	 65,	 1349–1357.	
https://doi.org/10.2307/1939115
Vander,	Z.	M.	J.,	&	Rasmussen,	J.	B.	(2001).	Variation	in	d	15	N	and	d	13	
C	 trophic	 fractionation:	 Implications	 for	 aquatic	 food	web	 studies.	
Limnology and Oceanography,	46,	2061–2066.
Vander	Zanden,	 Z.	M.	 J.,	 Casselman,	 J.	M.,	&	Rasmussen,	 J.	 B.	 (1999).	
Stable	isotope	evidence	for	the	food	web	consequences	of	species	
invasions	in	lakes.	Nature,	401,	1997–2000.




E.	 (2015).	 Stressor	 intensity	 determines	 antagonistic	 interactions	
between	species	 invasion	and	multiple	 stressor	effects	on	ecosys-
tem	 functioning.	 Oikos,	 124,	 1005–1012.	 https://doi.org/10.1111/
oik.01583




Quantifying	 threats	 to	 imperiled	 species	 in	 the	 United	 States.	
BioScience,	48,	607–615.	https://doi.org/10.2307/1313420
Zuur,	A.	F.,	Ieno,	E.	N.,	&	Elphick,	C.	S.	(2010).	A	protocol	for	data	exploration	
to	avoid	common	statistical	problems.	Methods in Ecology and Evolution,	
1,	3–14.	https://doi.org/10.1111/j.2041-210X.2009.00001.x
Zuur,	A.	F.,	Ieno,	E.	N.,	Walker,	N.	J.,	Saveliev,	A.	A.,	&	Smith,	G.	M.	(2009).	
Mixed effects models and extensions in ecology with R.	New	York,	NY:	
Springer	Science+Business	Media.
Zwerschke,	N.,	Emmerson,	M.	C.,	Roberts,	D.,	&	O’Connor,	N.	E.	(2016).	





blage	 structure	 and	 biodiversity	 :	 The	 importance	 of	 environmen-
tal	 context	 and	 functional	 equivalency	with	native	 species.	Marine 
Biology,	165,	1–13.
Zwerschke,	 N.,	 Kochmann,	 J.,	 Ashton,	 E.	 C.,	 Crowe,	 T.	 P.,	 Roberts,	
D.,	 &	 O'Connor,	 N.	 E.	 (2017).	 Co-occurrence	 of	 native	 Ostrea 
edulis	 and	 non-native	 Crassostrea gigas	 revealed	 by	 monitoring	
of	 intertidal	 oyster	 populations.	 Journal of the Marine Biological 




tween	 co-occurring	 invasive	 and	 native	 consumers	 switches	 be-
tween	 habitats.	 Dryad Digital Repository,	 https://doi.org/10.5061/
dryad.581qd15
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.
How to cite this article:	Zwerschke	N,	van	Rein	H,	Harrod	C,	et	
al.	Competition	between	co-occurring	invasive	and	native	
consumers	switches	between	habitats.	Funct Ecol. 
2018;32:2717–2729. https://doi.org/10.1111/1365-
2435.13211
